The spectrum of a photoexcited electron pair carries detailed information on the electron-electron interaction in metals. This is deduced from the results of a theoretical model presented here for the treatment of the double-photoelectron emission from surfaces. Main features in the two-particle spectra are assigned to (a) the exchange-correlation interaction, (b) the electronic band structure, (c) the photoelectron diffraction, and (d) the specific experimental setup. Comparison with experiments is made and common features and differences to the atomic case are pointed out. DOI: 10.1103/PhysRevLett.89.086402 PACS numbers: 71.20.-b, 32.80.Rm, 33.55.Ad, 79.20.Kz In recent years, angular and spin-resolved ultraviolet (UV) single-photoelectron spectroscopy [1] has witnessed an impressive refinement in resolution, allowing for a yet more detailed study of material properties. Currently this technique is intensively applied to unravel features governed by many-body effects, such as superconductivity [2, 3] , correlated excitations in low-dimensional systems [4] [5] [6] , and the influence of electronic correlation on the spectrum [7, 8] . Single-particle techniques have, however, a principle limitation in exposing the details of electronic correlation: An external perturbation introduced to probe the sample may excite simultaneously many degrees of freedom of the specimen; e.g., interacting electrons share the energy of a UV photon and the compound as a whole is then excited. Resolving the excited state of one of the electrons, as in single-photoelectron emission (SPE), yields integral information on the influence of the coupling to the surrounding medium. Obviously, more details are revealed on how and whether the particles are interacting if the states of two photoexcited particles are measured. For example, the double-photoelectron emission (DPE) is forbidden in the absence of correlation [9] ; in case the DPE reaction may take place, the measured two-particle spectra provide direct insight into the energy and the angular dependence of the pair-correlation functions (cf. below).
In recent years, angular and spin-resolved ultraviolet (UV) single-photoelectron spectroscopy [1] has witnessed an impressive refinement in resolution, allowing for a yet more detailed study of material properties. Currently this technique is intensively applied to unravel features governed by many-body effects, such as superconductivity [2, 3] , correlated excitations in low-dimensional systems [4] [5] [6] , and the influence of electronic correlation on the spectrum [7, 8] . Single-particle techniques have, however, a principle limitation in exposing the details of electronic correlation: An external perturbation introduced to probe the sample may excite simultaneously many degrees of freedom of the specimen; e.g., interacting electrons share the energy of a UV photon and the compound as a whole is then excited. Resolving the excited state of one of the electrons, as in single-photoelectron emission (SPE), yields integral information on the influence of the coupling to the surrounding medium. Obviously, more details are revealed on how and whether the particles are interacting if the states of two photoexcited particles are measured. For example, the double-photoelectron emission (DPE) is forbidden in the absence of correlation [9] ; in case the DPE reaction may take place, the measured two-particle spectra provide direct insight into the energy and the angular dependence of the pair-correlation functions (cf. below).
In atomic and molecular physics, this kind of correlation spectroscopy has recently been realized and is currently under intensive experimental and theoretical research (cf. [10] [11] [12] for earlier references). While electronic correlation has some striking manifestations in solids [13] , it is only recently that fully resolved DPE measurements from surfaces have been conducted [14] . The main experimental obstacle in this case are the low-counting coincidence rates of two correlated electrons as compared to the large amount of (background) uncorrelated secondary electrons. With the development of a new generation of detectors [15] , it is, however, conceivable that the DPE technique for solids will undergo major advances in the near future.
On the theoretical side, an adequate treatment of electronic correlation, in particular, of the interaction between the photoexcited electron pair, is a prerequisite for the description of DPE [9, 16, 17] . An important step in this direction is the recent development of a version of the density-functional theory (DFT) that describes the ground state in terms of correlated many-particle densities [18, 19] . For the calculation of DPE spectra, one needs, however, in addition to the correlated ground state, an expression for the correlated two-particle state.
This Letter provides the first theory for DPE from solids with a realistic ab initio calculation of the (single-particle) electronic structure of the sample. Correlated two-particle states are generated upon the coupling of two singleparticle states via a model potential of the screened Coulomb type. The goals of this work are (i) the calculation of both SPE and DPE spectra within the same approach to contrast conclusively the information obtained from both techniques and to assess the reliability of the single-particle part of the DPE theory, (ii) the analysis of how the electron-electron interaction manifests itself in the DPE spectra, (iii) the study of the DPE surface sensitivity (compared to SPE) and of the dependence of DPE on the photoelectron energies and emission angles, (iv) the comparison of theory with available experiments, and (v) the analysis of differences and similarities to DPE from single atoms.
Theory.-Within the one-step model of SPE, the current J 1 [20] of photoelectrons emitted with a surface-parallel wave vector k k and an energy , upon the absorption of a UV photon with energy !, is given by
The final state j 1 i g a jk k ; i is obtained by propagating (back) the detector state jk k ; i using the advanced Green function g a . The photohole state is described by the retarded Green function g r , and is the dipole operator of the incident radiation. In the one-step DPE process, one photon ejects two electrons with wave vectors k 1k and k 2k and energies E 1 and E 2 from the occupied states of a metal surface. The double-photoelectron current J 2 can be approximated by [16] 
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086402-1 0031-9007=02=89 (8)=086402 (4) where E F is the Fermi energy, E E 1 E 2 , and E min E ÿ ! ÿ E F . The correlated two-particle final state j 2 i G a jk 1k ; E 1 ; k 2k ; E 2 i is obtained from the uncorrelated detector states jk 1k ; E 1 ; k 2k ; E 2 i jk 1k ; E 1 i jk 2k ; E 2 i via the two-particle Green function G a . The occupied nonlocal density related to electron j is determined by Img r k jk ; j , j 1; 2. To elucidate the features of DPE as compared to SPE, we employ a calculational scheme for the currents J 1 and J 2 in which the single-particle states are evaluated simultaneously. The ground-state single-particle electronic structure is obtained from an ab initio linear muffin-tin orbital method based on the local density approximation of DFT. For the photoemission calculations, we utilize the layer Korringa-Kohn-Rostoker (LKKR) method [21] .
The explicit incorporation of the mutual interaction U between the two excited photoelectrons is indispensable for an adequate description of DPE [9] . Here, this is achieved as follows: For a nearly free electron metal, U is screened with a screening length dependent on the density of states NE F [ 1= 4NE F p ; for Cu, 2:66 Bohr]. In the long-wavelength limit, U depends only on the coordinate difference r 1 ÿ r 2 , namely, Ur 1 ; r 2 e ÿjr 1 ÿr 2 j= =jr 1 ÿ r 2 j. To determine the two-particle state j 2 i, we first employ the LKKR method and obtain the single-particle states j j k j i g r jk jk ; j i, j 1; 2. Using the procedure developed in [22] , j 1 k 1 i and j 2 k 2 i are then coupled to each other via U to determine the state j 2 i [and subsequently the current J 2 , Eq. (2)]. In this way, single-particle and two-particle photocurrents are calculated within the same scheme allowing a sensible comparison. From the functional form of U, it is clear that J 2 depends not only on the energies and emission directions of the photoelectrons, as in the SPE case, but also on the mutual angle between the photoelectrons: If the electrons are close to each other, U provides a strong coupling, whereas U (and, hence, the DPE signal [9] ) is strongly suppressed when the photoelectrons are separated at distances larger than . This general statement is quantified below by numerical results.
Reliability of the SPE part.- Figure 1 (a) shows a measured angular distribution of the SPE intensity from Cu(001) [23] . Our calculations for J 1 [ Fig. 1(b) ] agrees with the experiments which indicates an adequate treatment of the single-particle part of the problem.
Symmetry of the angular distribution.-The SPE angular distributions reflect the 4mm symmetry of the Cu(001) surface [ Figs. 1(a) and 1(b) ]. In contrast, the presence of a second photoelectron in DPE dictates a different symmetry of the angular distribution. In Figs. 1(c) and 1(d) , the DPE current is depicted as a function of k k of one electron, while k k of the other electron is fixed. If this ''fixed'' electron is detected in off-normal emission, the symmetry is reduced [to m in Fig. 1(d) ]. However, if the fixed electron is detected with k k 0, the distributions of DPE and SPE show the same symmetry [4mm in Fig. 1(c) ].
Exchange-correlation hole.-The most notable structure in the DPE angular distributions is the intensity minimum centered at k k of the fixed electron [Figs. 1(c) and 1(d) ]. This ''hole'' is a direct manifestation of exchange and correlation between the two photoelectrons. The former is accounted for by the antisymmetry of the twoparticle state, whereas the latter is mediated by the potential U. The high intensity surrounding the hole can be explained by the competition of two factors: (i) the electron-electron repulsion and the exchange interaction prevent the two electrons from escaping with comparable wave vectors within a proximity determined by the screening length. Therefore, the extent of the hole is a qualitative measure of the strength of the electron-electron interaction [for specified (k 1k ; E 1 ; k 2k ; E 2 )]. (ii) If the two electrons are well separated from each other, the electron-electron interaction U becomes negligible and the DPE signal diminishes, for the DPE process is forbidden in the absence of U [9] . Combining these two effects, the distribution of the intensity around the direction of the fixed electron becomes comprehensible.
Both the shape and the extent of the correlation hole depend on the photoelectron energies: At low energies, it is large and dominates the distribution, whereas at higher 
086402-2 086402-2 ones, it is limited to a small region [cf. Figs. 1(d) and 2(d) ]. This behavior can be understood from the properties of U as reflected in the transition-matrix elements [Eq. (2)].
In those regions where the two electrons are far away from each other (U is then weak), one observes a remote reminiscence of the DPE spectra to the corresponding SPE distributions; e.g., the influence of the single-electron diffraction is observable, slightly distorted due to the presence of the second (fixed) electron (Fig. 2) .
Surface sensitivity.-Since two electrons have to escape the surface, DPE is expected to be more surface sensitive than SPE. In a crude model, the escape probability p for a single electron decays exponentially with the distance from the surface, p expÿz=', where ' is the escape depth. The escape probability for two electrons is then expÿ2z='; i.e., the escape depth is effectively halved. Hence, in SPE theory one has to sum up contributions from deep layers (typically from the first 15 surface layers) to obtain J 1 , as is evident from Figs Photoelectron diffraction.-DPE experiments from crystal surfaces reported in Refs. [14] show pronounced features in the distributions of the electron-pair total energy (E E 1 E 2 ) between the two electrons [ Fig. 3(a) ]. To uncover the origin of structures occurring in the corresponding theoretical spectra [ Fig. 3(b) ], it is constructive to contrast with the results of the present theory for the double photoionization of the ground state [He 1 S e ] of the helium atom [ Fig. 3(c) ]. For the ''single-site'' DPE from atomic He, the cross section vanishes if k 1 k 2 is perpendicular to the polarization vector of the incoming photon [12] , which occurs in Fig. 3(c) at E 1 E 2 . This propensity rule holds for solids, too, but in the absence of photoelectron diffraction [9] . Indeed, we argue here that the photoelectron diffraction is the reason for the finite photocurrent J 2 at E 1 E 2 found for Ni(001) in Figs. 3(a) and 3(b) : For a periodic surface, the electronic states are eigenstates of the lattice translations; i.e., they can be expanded into plane waves. Hence, the effect of the lattice can be investigated by varying the number n of plane waves included in the expansion of the photoelectron states. The inset of Fig. 3(b) shows the DPE current for E 1 E 2 and 1 2 vs n. Indeed, J 2 decreases rapidly with decreasing n and saturates at about n 20. This behavior corroborates both the propensity rule and the explanation of the finite DPE photocurrent at E 1 E 2 . 
086402-3 086402-3 [9, 12] . In the atomic case, the density of states (DOS) for one photoelectron in the field of the residual ion behaves as 1=k j for k j ! 0 (and k i k j ) [25] ; i.e., for one electron the DOS diverges at the ionization threshold. This DOS effect combined with the kinematical factor C k 1 k 2 leads, in general, to a finite DPE current from atoms when the energy of one of the electrons diminishes. In contrast, for surfaces, the DOS is finite at the vacuum level (k j 0) and, hence, the DPE current [k 1 k 2 J 2 k 1 ; k 2 ] vanishes if E 1 or E 2 is very small. This profound difference between atoms and solids is confirmed by our calculations: In contrast to DPE from surfaces (Fig. 3) , for He 1 S e the DPE current is finite for E 1 ! 0 or E 2 ! 0 [ Fig. 3(c) ].
Band-structure effect.-In Fig. 3 , both the photon energy ! and the electron-pair energy E E 1 E 2 are fixed. This specifies the initial binding energy of the electron pair as ! ÿ E. For atoms, pins down the initial state to a specific, discrete level. For surfaces, the electronic structure is dependent not only on the energy i , but also on the Bloch wave vectors q ik . When varying E 1 ÿ E 2 =E (for fixed E, !, and hence fixed ), one scans through different k ik [Figs. 3(e)-3(g)]. Therefore, the relevant q ik and the associated electronic levels appear as sharp peaks in J 2 at certain E 1 ÿ E 2 =E [16] . A similar effect arises due to the energy integration in Eq. (2) which involves several single-particle levels. In consequence, the structure of the initial-state spectral density is reflected as pronounced maxima and minima in the DPE spectra. In contrast, the smooth spectral density of the jellium model results in smooth DPE spectra [9] .
Concerning the comparison with experiments, it should be remarked that the shape of the DPE spectrum changes substantially within the experimental angular resolution [ Figs. 3(e)-3(g) ]. This is due to the fact that, with increasing polar angles, the allowed range for the initial k ik is stretched and different initial states contribute to the photocurrent. For ! 0, the DPE current vanishes at E 1 E 2 due to the electron-electron repulsion, whereas for ! =2, it decreases due to the weakening of the electronelectron interaction [cf. also Figs. 1(c) and 1(d) ].
In conclusion, we present pilot results to highlight the general aspects and the power of DPE from surfaces as a novel tool for electronic-correlation imaging.
